The diurnal variations of cortisol and of other upstream glucocorticoid steroids have been well described. However, diurnal variations of other steroids in the steroid synthesis pathways have not been fully addressed in the literature.
Introduction
Many studies have been conducted assessing biological changes in patients with both somatic and psychiatric conditions. Most studies of posttraumatic stress disorder (PTSD) have focused on the primary stress pathway: the hypothalamus-pituitary-adrenal axis (HPA), which is activated during acute stress. The hypothalamus secretes corticotropin-releasing factor (CRF) which stimulates the pituitary to release adrenocorticotropic hormone (ACTH), resulting in the production of glucocorticoids and other steroids in the adrenal cortex. It is known that the secretion of cortisol is associated with the natural circadian rhythm, and the assessment of cortisol concentrations should be adjusted for the diurnal variation, with peak values in the morning just after awakening [1] . As cortisol is one of the end products of the glucocorticoid biosynthesis pathway, it can be assumed that the biosynthesis of glucocorticoids upstream and other steroids ( Figure 1 Dehydroepiandosterone (DHEA) and its sulfate (DHEAS) are synthesized from cholesterol, via pregnenolone (sulfate) and 17-hydroxypregnenolone, almost exclusively by the adrenals, only ± 10% of plasma DHEA is derived from the gonads [2] . DHEAS is quantitatively the major steroid hormone secreted by the adrenals, and its plasma concentration in young adults is 10 to 20 times the cortisol concentration. DHEAS has a low metabolic-clearance rate, and as a consequence of this, DHEAS is practically constant during the day and night [3] . However, the concentration of DHEA is 500 to 1,000 times lower than that of DHEAS, and studies have shown that DHEA levels show both pulsatile and nyctohemeral variations, in parallel with cortisol and ACTH pulses [4] . DHEA is also a precursor of testosterone and estrone. One could therefore surmise that the concentrations of these steroids also have diurnal variations.
Alterations the in the neuroactive steroid allopregnanolone in PTSD patients have been suggested. Allopregnanolone, another stress steroid, is anesthetic and anxiolytic. It is converted from progesterone by the rate-limiting enzyme 5α-reductase and has been found at decreased concentrations in cerebrospinal fluid and serum in both patients with PTSD and those with depression [5, 6] . It has been determined that allopregnanolone does not manifest a diurnal variation during the luteal phase of the menstrual cycle [7] , but there are no reports supporting its diurnal variation during the follicular phase.
Recent studies suggest that alterations occur in steroid concentrations soon after a traumatic event, suggesting that acute biological responses may serve as risk or resilience factors for the development of PTSD. To assess whether an acute response to a trauma is associated with the steroid concentrations, one needs to know whether it is necessary to account for a diurnal variation of that particular steroid.
In this study, concentrations of the steroids were measured using mainly LC-MS/MS techniques, recognized as the best available methodology for the analysis of endogenous steroids [8, 9] . Six classes of steroids were measured: anesthetic steroid (allopregnanolone), glucocorticoids (cortisol, cortisone, 11-deoxycortisol), androgens (androstenedione, testosterone, DHEA), pregnenes (pregnenolone, 17OH-pregnenolone), progestins (progesterone, 17OH-progesterone) and estrogens (estrone, estradiol). Concentrations of the steroids were then examined to determine their diurnal variation and their correlation to each other.
Methods

Participants
Ten non-traumatized women were recruited through advertisement. Before entering the study, all participants received written and oral information about the study and signed a writtenconsent form. Everyone received a medical screening consisting of a physical examination and a test of thyroid and liver function. The study was approved by the local medical ethics committee in Stockholm (2011/851-31/3).
Inclusion criteria:Women between 18 and 40 years old, who were not taking any hormonal contraceptives or daily medications, and who were physically and mentally healthy were included. Participants had to experience regular menstruations, and all blood sampling was conducted during the follicular phase of their menstrual cycles (days 6-12). Participants had to score low on the Beck Depression Inventory (BDI), the Stanford Acute Stress Reaction Questionnaire (SASRQ), and the Structured Clinical Interview for DSM-IV (SCID-I) interview. These scales are clarified later in this article.
Exclusion criteria: Potential participants were excluded if they had a history of psychosis, major or bipolar depression, alcohol or substance abuse, neurological disease, endocrine disease, polycystic ovarian syndrome (PCOS), premenstrual dysphoric disorder (PMDD) or if they were pregnant. Further, women were excluded if they were smokers or were taking any daily medications, such as antidepressants, anxiolytics, and sedative drugs. Potential participants were also excluded from the study if they reported having taken any benzodiazepines in the three months before the challenge (including any occasional medication) or having consumed alcohol within 72 hours before the blood sampling.
Psychometrics used during inclusion: The Beck Depression
Inventory [10] is a 21-item inventory measuring depressive mood and vegetative symptoms of depression. Cut-off points for the sum scores were 0-9 (no depression), 10-16 (mild depression), 17-29 (moderate depression), and ≥ 30 (severe depression). Participants were allowed to score a maximum of nine points.
The Stanford Acute Stress Reaction Questionnaire, SASRQ [11] is mainly used to diagnose ASD, but in this study it was used as a total score for measuring PTSD symptoms. To be included, participants had to have low scores (<10 out of a possible 150 points). The PTSD Module of the Structured Clinical Interview for DSM-IV (SCID-I) [12] was also used to establish the absence of posttraumatic stress symptoms. Participants had to score zero out of a possible six points.
Procedures
The study was conducted in a hospital setting, in a room at the Emergency Clinic for Raped Women at Stockholm South General Hospital, Sweden. An intravenous catheter was inserted in the forearm, at a minimum of one hour before the first blood draw. Blood samples were drawn every fourth hour for 24 hours during the follicular phase (days 6-12) of the menstrual cycle. On the day of the study, participants followed their daily routines. At night, the intravenous catheter made it possible for the research nurse to take blood samples without interfering with the women's sleep. Participants slept in an ordinary bed in a quiet research room and according to their usual diurnal cycles. The blood samples were collected in two untreated vacutainer tubes. The samples were then centrifuged at 3,200 rpm for 10 minutes. Equal aliquots of serum were then transferred to 2 ml microtubes, labeled with an ID code, and stored at -70°C until transfer on dry ice for analysis. A4, DHEA and PROG were purchased from Steraloids Inc. (Newport, RI, USA). The internal standards were deuterium labeled analogues of the steroids d3-Te, d3-Pregn, d2-11DC, d9-17OHProg, d3-17OHPregn, d4-F, d3-E, (Cambridge Isotope Laboratories, Andover, MA, USA), d4-E1, and d3-E2 (CDN Isotopes, Toronto, ON, Canada). All other chemicals were of the highest purity commercially available.
Steroid analyses
LS-MS/MS methods:
Samples were analyzed as previously described [8, [13] [14] [15] [16] . Briefly, steroids were extracted from samples; DHEA, A4, Te, Pregn, 17OHPregn, 17OHP and Prog were derivatized with hydroxylamine to form oxime derivatives; estrone and estradiol were derivatized with dansyl chloride to form dansyl derivatives. The limit of quantification (LOQ) was 0.05 ng/mL for Pregn, 17OHProg, and 11DC; 0.25 ng/mL for 17OHPregn; 1 ng/mL for Prog; 0.01 ng/mL for Te and A4; 0.05 ng/ mL for DHEA; and 1 pg/mL for E1 and E2 [14] . The intra-assay and inter-assay CV were <8% and <11%, respectively [8, 13, 14] . All steroids were analyzed in positive-ion mode using an electrospray ion source on a triple-quadruple mass spectrometer (AB Sciex5500; Foster City, CA, USA). The HPLC system consisted of series 1260 and 1290 HPLC pumps (Agilent Technologies, Santa Clare, USA), and an HTC PAL autosampler (LEAP Technologies, NC, USA) equipped with a fast wash station. The quadruples Q1 and Q3 were tuned to unit resolution, and the mass spectrometer conditions were optimized for the maximum signal intensity of each steroid. Two mass transitions were monitored for each steroid and its internal standard (IS). Quantitative data analysis was performed using Analyst ® 1.5.2 software. Calibration curves were generated with every set of samples using six calibrators; three quality control samples were included with every set of samples. The Specificity of the analysis in every sample was evaluated by comparing concentrations determined using the primary and the secondary mass transitions [17] .
Radioimmunoassay (RIA):
The allopregnanolone analysis method has been described in detail elsewhere [18] . Briefly, in this study allopregnanolone was separated from cross-reacting steroids by celite chromatography and thereafter the quantification was made by RIA using a polyclonal rabbit antiserum raised against 3α-hydroxy-20-oxo-5α-pregnane-11-yl-carboxymethyl-ether coupled to bovine serum albumin, provided by RH Purdy, (The Scripps Research Institute, La Jolla, CA, USA) [19] . The rabbit antiserum was used in a dilution of 1/5000. The antibody solution was prepared using [11, 12] 3 H-allopregnanolone, 3 × 10 6 cpm/32 ml (Perkin-Elmer Life Sciences, Boston, USA) solution containing 65 mM boric acid (Merck) buffer, pH=8.0, bovine serum albumin 100 mg/ml (Sigma, St Louis, USA), human gamma globulin solution 20 mg/ml (Octapharma, Sweden), and antibody in a milliliter ratio of the antibody solution: 30:1:1:0.006. The solution was allowed to equilibrate overnight at 8°C. Antibody solution (200µl) was added to all sample tubes, and the mixture once again was allowed to stand overnight at 8°C. After the addition of 200 µl saturated ammonium sulfate, each tube was again mixed and centrifuged at 20,000 rpm for 20 minutes. Thereafter, the supernatant was aliquoted into a counting vial and diluted with 3.0 ml Optiphase scintillation medium (Wallac, Finland). The samples were counted in a RackBeta (Wallac, Finland) scintillation counter. The sensitivity of the assays was 25 pg, with an intra-assay coefficient of variation for allopregnanolone of 6.5% and an interassay coefficient of variation of 8.5%. The RIA used does not detect the 3β-epimer (isoallopregnanolone) or the 5β-epimer (pregnanolone).
Data analyses
The blood draws were performed six times, once during each of the intervals 02:01-06:00, 06:01-10:00, 10:01-14:00, 14:01-18:00, 18:01-22:00, and 22:01-02:00. Mean and standard deviation for each time interval and steroid were calculated. The blood samples were tested for each steroid`s diurnal variation using repeated measures ANOVA for within-subject variation. Spearman correlation coefficient was calculated to assess the correlation between concentrations of the steroids. Results were considered significant when the p-value was less than 0.05. All statistical analyses were conducted using the statistical software version SPSS 22.0.
Results
Concentrations of steroids at each time interval
Serum concentrations for each steroid and time interval are listed in Table 1 . Concentrations of progesterone in the follicular phase were low, and most samples were below the sensitivity of the assay. Therefore, progesterone was excluded from further analyses.
Diurnal variations
All steroids, with the exception of estrone and estradiol, had a diurnal variation with significant within-subject variation (see Table  1 ). Apart from allopregnanolone, all steroids peaked in concentration during time interval 2 (i.e., around 08.00, just after awakening). For cortisol, cortisone, pregnenolone, 17OH-pregnenolone, DHEA, 17OH-progesterone, and androstenedione, the mean concentration at time interval 2 was significantly higher than the mean concentrations in all the other time intervals.
Allopregnanolone exhibited flatter curve then the other steroids did, its highest concentrations occurring in time intervals 2, 3, and 4 (i.e., between 06:00 and 18:00). The highest serum concentration of allopregnanolone was seen during time interval 3. Serum concentration in time interval 3 was higher than in the rest of the time intervals but not significantly higher than that in time interval 2. Serum concentrations for all steroids during 24 hours are shown in Figures 2-5. 0.049 ± 0.008 NS Note: Data for progesterone are not listed, as concentrations in follicular phase were below LOQ of the assay. *P-value regarding within-subject variation for each steroid using repeated measures ANOVA. 
Bivariate correlations
As seen in Table 2 , apart from the estrogens, which being correlated only with each other, high correlations occurred between almost all the steroids.
Discussion
The present study is unique, as it is the first to explore the relationship between concentrations of steroids in the pathway of steroid biosynthesis in reproductive-age women during the follicular phase of the menstrual cycle.
The major findings of the present study were that all measured steroids, with the exception of estrogens, showed a diurnal variation in the follicular phase of the menstrual cycle. For all measured steroids, with the exception of allopregnanolone, peak concentrations were observed around 08:00. Allopregnanolone peaked throughout the day, its highest concentrations occurring around 12.00. Further, we saw correlations between a majority of the steroids.
The finding that almost all steroids have a natural circadian rhythm is interesting and further demonstrates the importance of adjusting for this in studies examining differences in serum concentrations of steroids in certain patient groups when the subjects are pre-menopausal women in the follicular phase of their menstrual cycles. The finding of a diurnal variation in allopregnanolone is interesting because no variation was seen in the luteal phase of the menstrual cycle in patients with PMDD or in controls [7] . This suggests that allopregnanolone is secreted from the adrenals in the follicular phase with a rhythm similar to that of the glucocorticoids, but on a flatter curve. The somewhat different slope on the curve might be caused by the longer biosynthesis pathway to allopregnanolone; however, this should be explored in further studies.
In the study on patients with PMDD [7] , both patients and healthy controls had comparable concentrations of cortisol. However, patients with higher concentrations of allopregnanolone displayed blunted nocturnal cortisol levels. The researchers suggested that the diurnal secretion of cortisol in the luteal phase could be influenced by concentrations of allopregnanolone. Further, they suggested that the timing of blood sampling and individual levels of allopregnanolone could explain the discrepancies in studies examining the HPA axis in PMDD patients. One could assume also that when interpreting the HPA axis in PTSD patients, allopregnanolone concentrations should be considered. Not adjusting for female patients in luteal phase of the menstrual cycle (i.e., when allopregnanolone concentrations are known to be high [20] ) could potentially blunt the results. In a recent study, Inslicht et al. [21] discussed difficulties in interpreting neurosteroid responses in pre-menopausal women, suggesting that the reproductive hormones may be involved in modulating the HPA axis.
In the present study all participants were in the follicular phase of the menstrual cycle, and no correlation was seen between allopregnanolone and cortisol (r=0.108, p=0.429). However, correlations were found between allopregnanolone, pregnenolone, and DHEA and between all steroids (except the estrogens) and androstenedione. Estrone and estradiol correlated with each other but not with any of the other steroids.
Conclusions
In sum, the present study suggests that just as there is for the glucocorticoids, there is also a natural circadian rhythm to allopregnanolone, the pregnenes, androgens, and progestins in the follicular phase of the menstrual cycle. However, a possible interaction between menstrual-cycle phase and the HPA axis, as well as the diurnal variations of the steroids, should be strengthened with future studies. 
